The bias voltage applied to a weakly coupled n-doped GaAs/AlAs superlattice increases the amplitude of the coherent hypersound oscillations generated by a femtosecond optical pulse. This bias-induced amplitude increase and experimentally observed spectral narrowing of the superlattice phonon mode with a frequency 441 GHz provides the evidence for hypersound amplification by stimulated emission of phonons in a system where the inversion of the electron populations for phonon-assisted transitions exists. DOI: 10.1103/PhysRevLett.104.085501 PACS numbers: 63.20.kd, 63.22.Np, 72.80.Ey, 73.21.Cd The methods of coherent terahertz (THz) acoustics developed during the last decade offer new possibilities for extending the techniques of traditional ultrasonics to much higher frequencies where they can be applied to electronics, photonics and the studies of nanoscale systems. Generation and detection of coherent elastic waves with THz frequency have been successfully realized in a number of nano-objects, especially semiconductor superlattices (SLs) [1] [2] [3] [4] [5] [6] . Currently, significant effort is aimed at developing THz acoustic analogues of active optical devices like lasers and amplifiers. The THz acoustic nanodevices (e.g., saser) based on the sound amplification by stimulated emission of acoustic radiation in combination with phonon microcavities [7] will provide a source of an intense beam of coherent sound and have the potential to transform hypersonic acoustics in a similar way to how the laser transformed optics.
The methods of coherent terahertz (THz) acoustics developed during the last decade offer new possibilities for extending the techniques of traditional ultrasonics to much higher frequencies where they can be applied to electronics, photonics and the studies of nanoscale systems. Generation and detection of coherent elastic waves with THz frequency have been successfully realized in a number of nano-objects, especially semiconductor superlattices (SLs) [1] [2] [3] [4] [5] [6] . Currently, significant effort is aimed at developing THz acoustic analogues of active optical devices like lasers and amplifiers. The THz acoustic nanodevices (e.g., saser) based on the sound amplification by stimulated emission of acoustic radiation in combination with phonon microcavities [7] will provide a source of an intense beam of coherent sound and have the potential to transform hypersonic acoustics in a similar way to how the laser transformed optics.
A few methods for GHz-THz sound amplification have been proposed. Some have so far been explored only theoretically [8, 9] and others have been explored only in noncoherent experiments [10, 11] . In order to obtain much stronger evidence for coherent sound amplification by stimulated phonon emission, it is essential to use a detection technique that is sensitive to the coherent nature of the acoustic modes.
In the present Letter we report coherent ultrafast acoustic experiments in a doped semiconductor SL under applied electrical bias. If the SL is biased such that the energy drop per period of the SL exceeds the width of electronic minibands (Wannier-Stark regime), the electrons become localized in the quantum wells (QWs) and vertical electron transport takes place via hopping between neighboring QWs which may be phonon assisted [12] . It had previously been theoretically predicted [13, 14] and subsequently shown experimentally [10, 15] that, under these conditions, stimulated phonon emission [ Fig. 1(a) ] can be the dominant phonon-assisted hopping process for phonons of a particular energy close to the Stark splitting, and so coherent phonon amplification is theoretically possible in this system. The main aim of the present experiments is to show whether the THz stimulated phonon induced transitions between the electron SL states possessing an inversion population can lead to the coherent amplification of THz sound.
The sample [ Fig (4) 085501-1 Ó 2010 The American Physical Society 5.9 nm-thick GaAs QW and a 3.9 nm-thick AlAs barrier, uniformly n doped with Si to a density of 2 Â 10 16 cm À3 . The SL was separated from the n þ (2 Â 10 18 cm À3 ) contact regions by 20 nm-thick undoped GaAs spacer layers. This structure was chosen as it is close to the optimum for observing phonon amplification and had previously shown evidence of it in nonequilibrium phonon measurements [10, 15] . A 400 m-diameter optical device mesa was formed by etching and contacts with the emitter and collector layers were made using InGeAu, annealed at 360 C. The top contact was etched in a form of a ring [ Fig. 1(d) ] leaving a metal free region for optical excitation. Measurements were made at 10 K in order to reduce the thermal background such that k B T < @! for phonons of frequency !. The dc current-voltage (I-V) characteristics are shown in Fig. 1(e) . In the dark, the device turns on at the threshold bias 50 mV, which is the voltage required to align the Fermi energy of the emitter and the nearest well. After that, the current increases monotonically for biases up to about 250 mV. The illumination of the device by light of wavelength ¼ 773 nm which corresponds to the SL electron-hole resonance (1.6 eV), with an average power $10 mW, led to a decrease in the threshold to about 30 mV and a small increase in the current, otherwise the I-V characteristics were much the same as in the dark.
The coherent phonon measurements were carried out using the femtosecond pump-probe technique: owing to the difference in the acoustic impedance of the two semiconductors making up the SL, narrow gaps open up in the phonon dispersion at wave vectors q corresponding to the Bragg reflection of sound in the periodic structure [ Fig. 1(b) ]. Coherent folded phonons (FPs) in the narrow frequency bands with energies close to the gaps in the phonon dispersion can be generated by femtosecond laser excitation of the SL sample using a wavelength near the electron-hole resonance [1] [2] [3] [4] [5] [6] . Coherent detection of the FPs is achieved by measuring the change in reflectance, ÁRðtÞ, for a femtosecond probe pulse as a function of the delay time t between the pump and probe pulses. In these experiments, the delay was provided by two (shaker and motorized) optical delay lines in the pump beam path and one (manual) delay line in the probe path. The shaker delay was a retroreflector mounted on a platform vibrating with a frequency 2.5 Hz and linear distance amplitude up to 8.25 mm providing the measurements in the temporal interval up to 50 ps. The motorized and manual delay lines were used to fix the center delay time t 0 with precision of $1 ps, around which the measurement using the shaker were taken. The pump beam was modulated at a frequency of 50 kHz by an acousto-optic modulator and the reflected probe beam was detected by a photodiode followed by a lock-in amplifier referenced to the pump modulation. The output of the lock-in amplifier was connected to the input of a digital averaging oscilloscope which was triggered from the shaker delay line. This experimental setup enabled measurement for temporal delays up to 3 ns of the values of temporal changes in the reflectance as small as ÁRðtÞ=R 0 $ 10 À7 , where R 0 is the reflectance in the absence of the pump pulse. Figure 2 shows a typical probe signal ÁRðtÞ=R 0 at V bias ¼ 0 in the temporal range 0-450 ps. The main contribution at t > 0 is due to the nonequilibrium carriers excited by the pump pulse. This contribution is considered as a background for the coherent sound signal and it is often subtracted for the clarity of presentation. The zoomed section of the measured ÁRðtÞ [inset in Fig. 2 ] clearly shows oscillatory behavior with low (45 GHz) and high (0.441 THz) frequencies. The low-frequency B mode is attributed to the Brillouin backscattering effect and it is observed in ÁRðtÞ only in the time interval between 100 and 300 ps. This interval corresponds to the time when the coherent low-frequency (<100 GHz) wave packet generated by the pump pulse in the near surface GaAs region [16] of the sample [ Fig. 1(c) ] reaches the superlattice where the sensitivity of the probe light to the strain significantly exceeds the sensitivity of surrounding bulk GaAs layers [17] . The high frequency oscillations are known to be associated with the FPs near the first gap in the À point of the phonon dispersion curves in the GaAs/AlAs SL [ Fig. 1(b) ].
Application of a bias to the SL led to an increase in the amplitude of the FPs. This can be seen by comparison of the Fourier transforms in a 50 ps window centered on t 0 ¼ 1 ns at zero bias and at V bias ¼ 145 mV, Fig. 3 . This is the first strong indication that amplification of coherent phonons takes place under bias application. The significant increase of amplitude was observed for bias values above about 120 mV (see inset to Fig. 3 ) which, after taking account of the threshold, corresponds to a Stark splitting of about 1.8 meV. The energy of the FPs excited in the SL is also about 1.8 meV; thus, the amplification occurs for Stark splittings which are larger than this, which is the condition under which inversion is predicted to occur [13, 14] .
The observed increase in the signal is about 40% which is reasonable in view of estimates of the phonon densities: based on a measured strain of $10 À6 , the density of laser generated longitudinal FPs is 2:5 Â 10 20 m À3 at 440 GHz. 
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The thermal background longitudinal phonon density at T ¼ 10 K is 2:5 Â 10 21 m À3 in a 1 GHz band at 440 GHz. However, only those phonons with wave vector direction within about 5 of the SL normal can be amplified [15] . This applies to nearly all the laser generated FPs, but only 0.2% of the thermal phonons. Therefore, with regard to amplification by stimulated emission, the laser generated phonons are dominant. The current density in the SL at a bias of 145 mV is about 800 Am 2 , which means that in about 0.5 ns, which is the approximate lifetime of the phonons in the SL, there are $10 14 electron ''hops'' per m 2 . If every hop was due to stimulated emission, this would result in the phonon density increase of about 2 Â 10 20 m À3 , similar to the laser induced density. So, even if every electron hop was due to a stimulated phonon emission, we should expect no more than a $100% increase in signal. This estimate assumes the phonons are generated throughout the entire SL, which is reasonable if we assume a typical 2% absorption of the pump light per QW.
Of course, there remains the possibility that the observed increase of amplitude is not due to amplification of a phonon mode, but is instead due to changes in the efficiency of the coherent phonon generation and/or detection process caused by application of the bias. The fact that the amplitude of the B mode was not increased upon application of bias tends to rule out any change in detection sensitivity. However, to properly address this question, the effect of applied bias on the spectrum of the oscillations was studied. It is expected that the process of amplification by stimulated emission would lead to spectral narrowing, whereas a change in the sensitivity should not. In order to obtain sufficient spectral resolution it was necessary to measure for delay times in excess of 1 ns. This could not be done with sufficient sensitivity and temporal resolution in a single sweep. Instead, using the shaker delay, 50 ps fragments were recorded with high sensitivity centered on time delays, t 0 , up to 3 ns. These were Fourier transformed to give the amplitude of the high frequency oscillations as a function of t 0 . Figure 4 shows the envelope of the amplitude of the FPs at zero bias. It is seen that the amplitude decays on the time scale of about 0.5 ns, also obvious are the oscillations in the amplitude with a period of about 220 ps. These oscillations are likely to be due to the beating of two modes with a difference in frequency of about 4.5 GHz. The solid line is a fit to the data of the analytical expression representing two beating cosine waves of amplitudes ratio B and frequency difference Á:
where 0 ¼ ð2:1 AE 0:1Þ ns À1 , B ¼ ðÀ0:43 AE 0:03Þ, jÁj ¼ ð4:5 AE 0:03Þ GHz, and A 0 is a normalization factor. The spectrum of the coherent phonons, shown in Fig. 5 , is obtained by taking the analytical Fourier transform of Eq. (1). To identify the frequencies of the two lines, we used the direct measurements of ÁRðtÞ=R 0 at V bias ¼ 0 in a wide temporal range (Fig. 1) . These measurements allowed us to identify that the higher amplitude mode has a frequency of 0.4410 THz. The weaker mode at 0.4365 THz [18] is too close in frequency to be one of the backscattering modes at 2k laser , and probably arises due to the finite length of the SL [19] . This gives rise to quantization of the acoustic dispersion into modes separated by Á % s=2L, where L is the SL length. In this case L ¼ 0:5 m, which gives Á % 5 GHz which, if allowance is made for the flattening of the (1) and (2) to the data. 085501-3 acoustic dispersion as q ! 0, is close to the experimentally measured value.
Also shown in Fig. 4 is the envelope of the difference between the bias on and zero-bias signals, i.e., the additional signal due to the applied bias. In order to obtain this with high sensitivity and low background noise, the pump modulation was switched off and the bias was modulated between 0 V and V bias at a frequency of 50 kHz. Otherwise the same pump-probe scheme was used as at zero bias. The most striking feature of this result is the absence of the beating which implies that only one of the two modes observed at zero bias is increased by amplification. There is also evidence of a buildup of amplitude of the mode occurring at shorter times. Such a buildup of amplitude is expected for the dynamical response in the regime of amplification [20] . As before, to obtain the spectrum of the acoustic oscillations, we fit the following analytical expression to the difference signal
where 1 ¼ ð2:0 AE 0:1Þ ns À1 , g ¼ ð0:9 AE 0:3Þ ns À1 , and A 1 is a normalization factor. The spectrum obtained by taking the Fourier transform of Eq. (2) is shown in Fig. 5 . The amplitude spectrum of the bias-induced oscillations is significantly narrower than that of the zero-bias FPs. Taking into account the errors in the fitting parameters above gives a maximum 10% error in the difference between the line widths, which is smaller than the observed narrowing. This result provides strong evidence for acoustic amplification by stimulated phonon emission occurring in the system. However, the amount of narrowing is much less than is typical in optical amplifiers. The probable reason for this is that the decay of the FP oscillations is dominated by the effects of dephasing due to submonolayer thickness fluctuations across the probed area [21] , rather than by phonon escape from the SL.
To conclude, application of an electrical bias to a weakly coupled semiconductor superlattice gives rise to an increase in the amplitude of the coherent folded phonons generated by a femtosecond optical pulse. The increase of amplitude is observed for biases such that the energy drop per period of the superlattice is greater than the phonon energy. As well as the increase in amplitude, the spectrum of the bias-induced oscillations is narrower than the spectrum of the coherent phonons at zero bias. These results show that coherent amplification of phonons due to stimulated emission takes place in the structure under electrical pumping. The achievement of amplification for coherent THz sound provides an essential step towards coherent generation (sasing) of THz sound and other active hypersound devices. In a device where the threshold for sasing is achieved, the technique described here could be used to measure the coherence time of the emitted hypersound. In this case, the effect of the pump would be to phase-lock the oscillation and the dephasing time determined using measurements of the decay of the oscillations as a function of the probe delay.
